Reinforced concrete structural walls are expected to provide significant strength and ductility under cyclic earthquake loading due to the enhanced compressive deformability provided welldetailed boundary elements. However, compression failures observed following recent earthquakes and in laboratory testing suggest that the compressive behavior of such boundary elements may not meet the design intent. An experimental research program was undertaken to investigate the response of structural wall boundary elements based on a number of design parameters including: vertical spacing of transverse reinforcement, pattern of longitudinal bar restraint, and the use of crossties in place of hoops. Results, combined with a number of existing data sets, indicate that sections with minimum ACI 318 detailing requirements exhibit little improvement in strength or deformability over unconfined concrete, and that crossties are ineffective unless fully developed into the confined core. A widely accepted model for confined concrete was examined for its accuracy in predicting the results of the experimental database. The results suggest that the accuracy of this commonly used model is limited. Modifications are proposed to account for a number of shortcomings in the existing model's ability to predict the response of boundary elements of modern design. 
Introduction
Reinforced concrete walls are commonly used as the lateral resisting system in buildings considering their substantial expected stiffness and ductility. In flexure-dominated walls, ductility is achieved through the tensile behavior of the reinforcing steel and the compressive behavior of well-confined concrete in the boundary elements of the wall. In slender walls, these boundary elements are essentially rectangular confined concrete sections. In the United States, ACI 318-14 [1] provides detailing requirements for boundary elements in special reinforced concrete walls (e.g., those in high seismic regions). These requirements are based on classical research [2, 3] which substantiated the ductility of such rectangular confined concrete sections. However more recent research [4, 5, 6, 7, 8] and observations following recent earthquakes [9] indicate that such compressive behavior may be overestimated. 1 This paper is an overview of a larger experimental and analytical study focused on understanding the compressive behavior of rectangular confined concrete sections that are intended to mimic the boundary elements of reinforced concrete walls. The study includes experimental testing of numerous rectangular confined concrete specimens in axial tension and compression, as well as the development of a large database of existing tests (including both recent and classical data). Furthermore, an assessment of a popular analytical model for behavior of confined concrete is evaluated, and improvements are proposed based on the significant set of experimental data.
Experimental Database
The recommendations in this paper are based on a significant database of rectangular reinforced concrete prisms intended to represent boundary elements in structural walls. The database is comprised of experimental data from a number of sources [4, 5, 6] including researched performed in support of this study [7, 8] . For the purpose of this study, the primary parameters included: (a) boundary element classification, (b) impact of vertical reinforcement, and (d) configuration of confining steel (e.g., vertical spacing, use of crossties). Table 1 is a summary of the test programs in the database including pertinent design parameters; ACI Class is discussed below. The s/db ratio is a common way to normalize and reference the vertical spacing of the transverse reinforcement divided by the longitudinal bar diameter. The transverse reinforcement ratio in the major axis (parallel to the wall thickness) is designated ρ2. It is interesting to note the limited number of tests in the database, which represents a substantial collection of the existing subject data, that meet only the minimum ACI 318 requirements for special boundary elements. The opposite would hold true in a survey of modern construction, where the majority of boundary elements designed as special boundary elements would be detailed as close to the minimum requirements as reasonably possible.
In the table, specimens are designated either OBE, SBE, or xSBE. ACI 318 provides detailing requirements for boundary elements of special structural walls (typically located in highseismic regions). The designation "SBE" refers to a specimen with detailing that meets the minimum requirements for special boundary elements in special reinforced concrete structural walls. The designation "xSBE" refers to specimens with detailing that meets the "SBE" requirements, and furthermore has all longitudinal bars restrained by transverse reinforcement. Boundary elements with detailing that does not meet the minimum requirements for special boundary elements, but do meet the minimum requirements for special structures walls are not specifically identified in the ACI 318 code, but are referred to here as "OBE", or ordinary boundary element. Note that this is not to be confused with an ordinary structural wall. 
Experimental Results & Discussion
Previous publications have evaluated the experimental results for a number of design parameters, and therefore the scope of this paper is limited to the results pertinent to the proposed analytical model for confined concrete in rectangular sections. In this section, strain capacity is defined as the strain corresponding to a loss in strength of at least 20%.
First, the vertical spacing of the transverse reinforcement has a significant impact on the peak stress and strain capacity. Figure 1 shows the normalized peak stress (a), fcc'/fc', and the strain capacity (b), ε20% Loss, plotted against s/db. For purposes of comparison, the development of the transverse reinforcement can be expressed as a ratio, kCT, equal to the development length of the 90 o hook into the core, ld,CT (as depicted by Figure 2) , divided by the minimum ACI 318 development length for a hooked bar, ldh,ACI. This formulation is described here for information purposes, and is discussed at greater length in the next section.
(a) (b) Figure 1 .
Compressive response of RC prism specimens of varied. A few conclusions can be drawn from the results. Clearly, specimens where crossties are not fully developed perform worse than those with fully developed (e.g., closed hoops) transverse reinforcement. Furthermore, the results indicate that specimens meeting only the minimum ACI 318 detailing requirements for special boundary elements exhibit little improvement in peak stress and strain capacity over unconfined concrete (fcc'/fc' of 1.0, and ε20% Loss between 0.3% and 0.5%). The findings of this study clearly indicate a disconnect between the expected performance and the measured performance of confined concrete in rectangular sections, necessitating a review of current analytical practices.
Assessment of Existing Analytical Model
Due to its popularity and significant relationship to the experimental database, the analytical model proposed by Mander et al. [10] was selected for this assessment. The experimental data compiled in this study was used to assess the accuracy of the Mander confined concrete model by comparing the predicted and measured axial responses.
In the model, the peak confined stress, fcc', is based on the effective confining stress in each direction, normalized to the 28-day cylinder strength. The effective confining stress is determined by reducing the confining stress (defined as the transverse reinforcement ratio in each direction multiplied by its yield stress) by a factor, ke, defined as the effective core area divided by the total core area. Figure 3b is then used to determine the confined strength of the core concrete. Mander suggests a strain-energy, implicit-solution formulation for strain capacity, which is based on the compressive strain at which hoop fracture first occurs. This theory was also proposed by Scott et al. [3] , in which a simple expression ultimate strain, εcu, was proposed as shown in Equation 1. The expression is based on tests of square members, however Mander noted that it is an acceptable estimation for circular, square, or rectangular sections. In the expression, εcu is the strain capacity (defined in this context as the strain at hoop fracture), ρs is the volumetric reinforcement ratio, and fyt is the tensile strength of the transverse reinforcement in MPa. εcu = 0.004 + 0.9ρs*(fyt / 300)
The predicted stress-strain response was calculated using a fiber-based zero-length element in OpenSEES [11] . Both the confined and unconfined concrete fibers were modeled using the embedded Concrete02 material model, which is defined by the Popovics [12] stress-strain curve. The longitudinal bars were modeled using the Steel01 material model, which uses a bilinear curve to simulate the envelope. The slope of the second branch was determined using the measured slope between the yield and ultimate strength of the longitudinal steel. Transverse reinforcement is indirectly modeled using the expressions for confining stress.
In general, the Mander model was accurate in predicting peak stress and strain capacity only in the xSBE case, where all longitudinal bars are restrained from buckling. When the remainder of the existing data is examined, a similar trend is identified, especially with respect to strain capacity. Figure 4a shows the normalized peak confined stress as predicted by Mander versus the measured value, while Figure 4b shows the same comparison for strain capacity. All prism tests are considered in this comparison. In the figures, the detail type is indicated by data point shape and the dataset is indicated by color (as shown in the legend). The data supports the finding that the Mander model may not be accurate for specimens with detailing more closely aligned with the minimum ACI 318 requirements, which should not necessarily be surprising considering the detailing of the specimens used to develop that model. Welt (2015) Massone (2014) Chrysanidis (2012) Creagh (2010) Mander (1988) As previously noted, most the tests performed by Mander that were used in developing the model had s/db ratios of less than 4, with many even as low as nearly 2. In all those tests, every longitudinal bar was restrained by developed transverse reinforcement with a full hoop or 180-180 cross-tie. The data show that these restraint properties improve the response substantially, and therefore it is expected that the Mander model accurately predicts the xSBE specimens with hoops. However, as these detailing parameters are relaxed, the Mander model becomes less accurate, specifically regarding strain capacity.
Proposed Analytical Model and Validation
The prior assessment shows that the Mander model must be modified to improve its accuracy for given parameters such as bar restraint pattern, vertical spacing, and cross-ties that do not meet the minimum development length. The modifications proposed and discussed in this section were developed based only on the test data in the Welt study; the modifications were then validated using the entire existing experimental prism database.
Predicted Peak Confined Stress
The Mander model fails to predict the confined strength of rectangular reinforced members if (1) only every other longitudinal bar is restrained and/or (2) the transverse reinforcement does not meet the minimum development length. The confinement effectiveness factor suggested by Mander is the ratio between the effective confined core area, Aeff, and the core area, bc1*bc2, and is denoted by ke. To differentiate this in the modified approach proposed in this study, the confinement effectiveness factor adjusted by the assumption of arching only at restrained longitudinal bars is denoted ke,adj. Figure 5 indicates this proposed modification. Proposed modification for determining effectively confined core area.
The required development length for a crosstie is recommended to be equal to the development of a single hooked bar as opposed to twice that. A simple reduction factor, kCT, is proposed that accounts for this reduction in bar stability that is taken as the development length of the crosstie, ld,CT, divided by the ACI 318 required development length for a single hooked bar, ldh,ACI. The proposed kCT factor is multiplied by the adjusted Mander confinement effectiveness factor, ke,adj, to accurately predict the effectiveness of the confinement. Figure 6 is a comparison of the measured confinement effectiveness factor for specimens from this experimental program to that predicted by the proposed approach.
(a) (b) Figure 6 .
Measured versus predicted confinement effectiveness for (a) Mander and (b) the proposed modification.
Predicted Strain Capacity
The Mander estimated strain capacity is based on the strain at which first hook fracture occurs. As discussed, hoop fracture was not observed in any tests in the database except for those in the Mander set. Therefore, an alternative approach to determining strain capacity was required.
A number of detailing parameters including regularity of restraint of longitudinal bars, average confining stress, and the development of the transverse reinforcement were found to be approximately linearly correlated to the strain capacity [7] . Using this linear correlation, an empirical solution for the strain capacity was developed and calibrated based on the experimental dataset associated with his study (i.e., Welt [8] ). Equation 2 shows the proposed expression for strain capacity for confined concrete in rectangular sections. In the equation, fyl is the yield strength of the longitudinal reinforcement, fc' is the 28-day cylinder strength of the concrete, nl,restr/nl,tot is the number of restrained longitudinal bars divided by the total number of longitudinal bars, and ρs is the average confining stress; kCT, fyt, and s/db are as previously defined. Imperial units were used to determine the (1/230) calibration factor. ε20% Loss = (1/230)*(fyl / fc')*(nl,restr / nl,tot)*(ρs*fyt / s/db)*min(1.0, 1.25*kCT)
Model Accuracy 
Conclusions
Based on this research study, the following conclusions are made:
1. The Mander model significantly overestimated both the strength and strain capacity of rectangular compression members unless every longitudinal bar was restrained, and the transverse reinforcement was fully developed and spaced at a maximum s/db of 4. 2. An adjusted confinement effectiveness factor, ke,adj, and a reduction factor accounting for transverse reinforcement development, kCT = ld,CT/ldh,ACI, are proposed and validated for predicting peak confined strength. 3 . Hoop fracture did not occur in any tests within the database, and therefore an alternative method for determining the strain capacity of rectangular reinforced concrete sections is shown in Equation 2. Mander (1988) 
